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The replicative abilities of mutant RNA transcripts derived from barley stripe mosaic virus cDNA clones were investigated
in barley protoplasts that had been coinoculated with wild-type RNAa and -g transcripts. The 5* and 3* noncoding regions
were required for replication, and lack of a 5* cap structure (GpppG) reduced the replicative ability substantially. All internal
deletions within RNAa abrogated replication in trans. A 2-base change that produced a truncated aa protein lacking the
first 16 amino acids also compromised the ability of RNAa to be replicated. In contrast, RNAb transcripts containing
deletions involving each ORF and the downstream poly(A) tract were effectively amplified by RNAs a and g, but collective
deletion of all four ORFs drastically reduced accumulation. The intergenic region between ba and bb was not absolutely
required for replication, but small deletions within this region reduced the abundance of RNAb by at least 10-fold. Deletions
within the first 507 nt of the ga ORF abrogated replication. However, transcripts containing deletions within the central and
3* regions of the ga ORF, the ga–gb intergenic region, and the gb ORF could be amplified in trans. Two mutants containing
extensive deletions encompassing the central region of the ga ORF and most of gb behaved like defective interfering RNAs
because they multiplied to high levels in trans and caused a pronounced reduction in accumulation of the coinoculated
wild-type RNAs a and g. q 1996 Academic Press, Inc.
INTRODUCTION BSMV, the type member of the hordeiviruses, is a tri-
partite plus-sense RNA virus with a rod-shaped morphol-Plant viruses with plus-sense, single-stranded RNA
ogy. Each of the genomic RNAs has a 7-methylguanosinegenomes synthesize minus-strand RNAs during the early
at the 5* terminus, with an initial sequence m7GpppGUA,stages of replication. These minus-strand RNAs subse-
and a highly conserved 3* terminus with a polyadenylatequently serve as templates for synthesis of the plus-
[poly(A)] sequence separating the 238-nt tRNA-like struc-strand genomic RNA and for transcription of appropriate
ture from the upstream coding regions (Kozlov et al.,subgenomic (sg) messenger RNAs. The specificity of vi-
1984). The three BSMV genomic RNAs, designated a, b,ral RNA replication implies the existence of viral cis-
and g, have been completely sequenced (Gustafson andacting sequence elements that are selectively recog-
Armour, 1986; Gustafson et al., 1989, 1987) and shownnized by the viral replicase. Such sequence elements
to contain seven major open reading frames (ORFs).that affect the replication of several plus-stranded RNA
Establishment of infectious full-length cDNA clonesplant viruses have been identified over the past few
representing the three genomic RNAs of BSMV (Petty etyears. In general, the important cis-acting elements are
al., 1988, 1989) has enabled us to determine severallocated at the 5* and 3* terminal noncoding regions of
biological properties of BSMV with transcripts derivedthe genomic RNA. However, internal cis-acting se-
from mutagenized cDNA clones (Jackson et al., 1991;quences also exist within viral RNAs (Boccard and Baul-
Donald et al., 1995). The results of protoplast infectionscombe, 1993; Duggal et al., 1994; French and Ahlquist,
show that the aa and ga proteins comprise the essential1987; Van Bokhoven et al., 1993; Weiland and Dreher,
BSMV-encoded replicase components (Petty et al., 1990).1993). The most detailed studies have been performed
Although RNAb is dispensable for replication of BSMV,with brome mosaic virus (BMV) RNA2 and RNA3 (Duggal
it is necessary for systemic infection (Petty and Jackson,et al., 1994; French and Ahlquist, 1987; Marsh et al.,
1990). Mutations introduced into the bb, bc, or bd ORFs1991b; Traynor et al., 1991). BMV RNAs also contain mo-
abolished infections in plants, but mutants containingtifs similar to the internal control region (ICR) of eukary-
deletions affecting expression of the coat protein (ba)otic tRNA genes that contribute to replication (Pogue et
were able to infect barley and certain dicot plants. How-al., 1992, 1990). In contrast, little attention has been given
ever, our previous conclusion that bc is required for in-to the study of cis-acting elements that affect the replica-
fectivity (Petty and Jackson, 1990) may need to be reeval-tion of barley stripe mosaic virus (BSMV) genomic RNAs.
uated in view of our recent finding of a bd* readthrough
product (Zhou and Jackson, 1996) that is also affected1 Current address: Fox Chase Cancer Center, 7701 Burholme Ave-
by the bc mutations.nue, Philadelphia, PA 19111.
The sequences and genomic organization of BSMV2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (510) 642-9017. are quite different from those of BMV and other plus-
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sense single-stranded RNA viruses (Jackson et al., 1991). tants, gD1.1 and gD2.1 (Petty et al., 1990), were also
redesignated gDE/E and gDK/H, respectively.Deletion mutants have been used previously to analyze
the putative functions of BSMV proteins and the effects Oligonucleotide site-directed mutagenesis of the coat
protein (ba) initiation codon was previously shown (Pettyof these mutations on the symptom phenotype (Donald
and Jackson, 1994; Petty et al., 1994; see Donald et al., and Jackson, 1990) to yield a biologically active clone
(B7) with a BamHI restriction site suitable for construction1995, for review). However, the possibility that loss of
the function of certain mutants might have detrimental of the deletions in RNAb. To provide additional sites for
deletion mutagenesis, XhoI restriction enzyme sites weresecondary effects on the replication of the BSMV RNAs
cannot be formally ruled out without defining the se- introduced into the plasmid b42sp1 5 to 10 nucleotides
prior to the AUGs of the ba and bb ORFs with the oligonu-quences required for replication of each genomic RNA.
In this paper, we present an analysis of the cis-acting cleotides bMOa, a 43-mer, and bMOb, a 43-mer (Table
1) (Donald et al., 1993). A SalI restriction enzyme siteelements required for replication of the three BSMV
RNAs. In order to define such cis-acting elements, we was engineered at nucleotide positions 75 to 80 just
before the ga AUG by site-directed mutagenesis with thehave constructed a series of deletions in infectious cDNA
clones of the BSMV ND18 strain. The replicative ability of oligonucleotide gMOa, a 47-mer (Table 1) (Donald et
al., 1993). The authenticity of the resulting mutants wasthese deletion mutants was tested by inoculating barley
protoplasts with a mixture of RNA transcripts derived confirmed by DNA sequence analysis and the biological
activity of RNA transcripts derived from the clones wasfrom the wild-type and mutant cDNA clones.
verified by infectivity assays in protoplasts and plants.
The internal poly(A) region of RNAb was removed by
MATERIALS AND METHODS mutagenesis of b42sp1 with the oligo bOD(A) (Table 1)
and the resulting mutant bD(A) was verified by DNAConstruction of mutants
sequencing.
The mutant bD5* was constructed by excising a frag-Internal deletions were constructed in full-length cDNA
ment from the B7 clone (Petty and Jackson, 1990) withclones derived from the three BSMV genomic RNAs
BamHI and SpeI digestion. This fragment, which lacks(Petty et al., 1988, 1989). Fragments from the a46,
88 nt of the RNAb 5* leader, was transferred into theb42sp1, or g42 cDNA clones were excised with appro-
BamHI and SalI sites of pTZ18R (United States Biochemi-priate restriction enzymes followed by ligation to yield
cal Co.) behind the T7 polymerase transcription pro-the plasmids illustrated in the figures. Incompatible over-
moter. The bD5* construct can be linearized by SpeIhanging sequences resulting from digestions were re-
because this site was regenerated by religation aftermoved with T4 DNA polymerase or DNA polymerase I
enzymatic removal of the overhanging ends resulting(Klenow fragment) and subsequently religated. The re-
from SpeI and SalI digestion.sulting deletion mutants were evaluated by restriction
The first AUG codon and the NheI site of the aa ORFfragment mapping or by DNA sequence analyses. RNAb
were eliminated by site-directed mutagenesis of the a46mutants previously designated bD1.2, bD1.3, bD1.9,
plasmid with the oligonucleotide aaO-1 (Table 1) to yieldbD34.1, and bD1R1 (Petty and Jackson, 1990) were re-
the mutant Ma, which was used for infectivity assays.named bDB/Bs, bDB/N, bDBs/N, bDM/N, bDBa/Bg,
Progeny RNAs resulting from these infections were ana-and bDN/S, respectively, in order to provide a more uni-
form system for cataloging the mutants. The RNAg mu- lyzed as follows. First-strand cDNA was initiated with
TABLE 1
Oligonucleotides Used for Mutagenesis
Oligo Sequence Comments
aaO-1 5*-CTTTCCCGTTAGCGTGGTTAGCGATGAG-3* Elimination of the first AUG and NheI site of the
aa ORF.
a-L5* 5*-GTATGTAAGTTGCCT-3* Primer for synthesis of the second strand of the
cDNA fragment of RNAa.
a-160 5*-GAAGCTGTGCTAATCAAATTACCCATC-3* Primer for synthesis of the first strand of the cDNA
fragment of RNAa.
bOD(A) 5*-TTACTTTCTTCAAAAAGGTAATGTTTGATCAGATCATTCAAA-3* Deletion of the poly(A) tract of RNAb.
bMOa 5*-GTGCATTTCTTTTACCCTCGAGAACAATGCCGAACGTTTCTTT-3* 10-bp substitution: XhoI site in front of the ba ORF.
bMOb 5*-GTTAACTAGATGTATTCTCGAGAACAATGGACATGACGAAAC-3* 10-bp substitution: XhoI site in front of the bb ORF.
gMOa 5*-GCGTTCACGAAACAAACAGTCGACAACAATGGATGTTGTGAAGAAAT-3* 10-bp substitution: SalI site in front of the ga ORF.
gaoff 5*-ACACTTCGGCAGGGATCCTGTGAAGAAATTCGCCGTCAGGTCAGTGACTG-3* Elimination of the AUG of the ga ORF.
BSMV3* 5*-TGCAAACACTCCCATCAT-3* Primer for RT–PCR.
bO / 2600 5*CAACTCCTGTGGAGAAGACTG-3* Primer for PCR.
AID VY 7874 / 6a15$$$241 04-02-96 23:52:54 viral AP: Virology
152 ZHOU AND JACKSON
RNAs extracted from protoplasts infected with wild-type RNAb probe (b42D3*) was derived from the clone
b42sp1 (Petty et al., 1989) by deletion of the BglII–SpeIRNA a and g transcripts, plus the mutant Ma RNA by
using the primer a-160 (Table 1). This primer is comple- fragment containing the 3* terminal sequence. The plas-
mid (g42DH3*) used for the RNAg probe was con-mentary to genomic RNAa from nucleotide positions 141
to 168. The second-strand cDNA was synthesized using structed from the plasmid g42 by deletion of the HindIII–
HindIII fragment containing the 3* terminal sequence. Inthe primer a-L5* (Table 1), which corresponds to genomic
RNAa from positions 1 to 15. Subsequently, the cDNA each case the mobility of the amplified progeny RNAs
was identical to that of the mutant transcripts used forfragments were cloned directly into the EcoRV site of
pBluescript (KS) (Stratagene) without PCR amplification. inoculation. In some experiments, the accumulation of
the progeny RNAs was estimated from the intensity ofThe cDNA clones were cut with NheI and their restriction
profiles were determined by gel electrophoresis. the hybridizing bands and designated on the figures by
a minus (0) symbol or by a series of plus (/) symbols.The first two AUG codons of the gDE/E plasmid, which
are located within 41 nucleotides of the 5* end of the ga
ORF, were altered by site-directed mutagenesis using RESULTS
the oligonucleotide gaoff (Table 1). The resulting muta-
Replication of wild-type BSMV transcriptstions were confirmed by sequencing and in vitro transla-
in barley protoplaststion.
Replication of BSMV RNAs was studied previously by
In vitro transcription and protoplast and plant monitoring [3H]uridine-labeled RNAs from transfected
inoculation procedures barley protoplasts (Petty et al., 1990). In the present RNA
blot hybridization experiments, profiles of progeny BSMVRNA transcripts were generated from linearized cDNA
RNAs in barley protoplasts inoculated with the a, b, andtemplates by T7 RNA polymerase as described pre-
g transcripts, were determined by use of a 237-nucleo-viously (Petty et al., 1989), except for the clone bD3*
tide 32P-labeled transcript complementary to the 3* endwhich was linearized by BglII. All mutated RNA tran-
of BSMV genomic RNA. This probe was specific to BSMVscripts were analyzed in 1.2 to 1.4% agarose gels. Each
because it hybridized to the viral RNAs but not to RNAsof the mutant transcripts formed a single well-defined
extracted from mock-inoculated protoplasts. Figure 1Aproduct lacking lower molecular weight derivatives and
shows a time course experiment with transfected proto-were clearly resolved from the wild-type parental RNAs.
plasts over a 24-hr infection period. Progeny BSMV RNAsProtoplasts were prepared from the barley cultivar,
were not easily detected at 6 hr postinoculation. How-Larker, as described by Petty et al. (1990). Approximately
ever, all the genomic and subgenomic RNAs were clearly11 105 protoplasts were inoculated with RNA transcripts
visible by 12 hr postinoculation, and they continued togenerated from 1 mg of DNA template using a polyethyl-
accumulate up to 24 hr postinoculation. Progeny BSMVene glycol procedure (Petty et al., 1990) and were nor-
RNAs with sizes of 3.8, 3.3, and 2.8 kb represent genomicmally incubated for 16 to 24 hr at 257 under continuous
RNAs a, b, and g, respectively (Fig. 1A). A 2.5-kb bandlow-intensity fluorescent lights.
with a size corresponding to a sgRNA derived from theFor whole-plant infectivity assays, 8-day-old barley
RNAb was easily detected, but the levels of the lessseedlings were inoculated with RNA transcripts in GKP
abundant sgRNAb-2 (Zhou and Jackson, 1996) were be-buffer [50 mM glycine, 30 mM KHPO4 (pH 9.2), 1% benton-
low the limits of detection. An additional 0.7-kb RNA bandite, 1% celite] as described by Petty et al. (1989). Inocu-
corresponding to sgRNAg (Jackson et al., 1983) was alsolated plants were grown in a growth chamber with a 14-
evident. The progeny genomic RNAb and sgRNAb spe-hr light regimen and a diurnal temperature fluctuating
cies were present only if protoplasts were inoculatedbetween 18 and 267.
with the a, b, and g transcripts. When protoplasts were
inoculated with a and g transcripts alone, only RNAa,RNA analyses
RNAg, and sgRNAg were present (Fig. 1B). This result
RNA extraction from protoplasts was described pre- is in agreement with previous findings that RNAs a and
viously (Petty et al., 1990), and hybridization analyses g are sufficient for replication (Petty et al., 1990).
were conducted as described by Ausubel et al. (1989).
A 32P-labeled 237-nt RNA transcript complementary to A cap structure is required for efficient replication
the plus-strand 3* terminal sequence of BSMV was tran- of BSMV RNAs
scribed from the plasmid pTZ19.3* (Petty et al., 1990)
and used for detection of total progeny BSMV RNAs. Previous studies have shown that the 5* cap structure
is required for infectivity of the three BSMV RNA tran-In addition, individual RNAs were detected with nick-
translated a-, b-, or g-specific DNA probes. An RNAa- scripts in whole plants (Petty et al., 1989). In order to
obtain more definitive information about the effects ofspecific probe (plasmid a10DH3*) was constructed by
deletion of the HindIII– HindIII fragment consisting of the individual uncapped RNA transcripts on accumulation of
BSMV RNAs, protoplasts were inoculated with a mixture3* terminal sequence from the cDNA clone of Ta10. The
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FIG. 1. Replication of wild-type BSMV transcripts in barley protoplasts. RNAs were analyzed with the 32P-labeled transcript complementary to the
3* end of the BSMV genomic RNAs. (A) RNA blot hybridization of progeny BSMV RNAs from barley protoplasts transfected with wild-type BSMV a,
b, and g transcripts. Total RNAs were extracted 6, 12, 18, and 24 hr postinoculation. The positions of the genomic and subgenomic RNAs are
indicated on the right side, but sgRNAb-2, which was described by Zhou and Jackson (1996) was below the level of detection in these gels. Lane
M contained RNAs extracted from protoplasts that were mock-inoculated with water. (B) RNA blot analysis of progeny BSMV RNAs recovered from
barley protoplasts 20 hr after inoculation with RNAa and RNAg transcripts. Lane 1, RNAs from mock-inoculated protoplasts and lane 2, RNA from
the RNAa and -g inoculation. (C) The effect of uncapped transcripts on the accumulation of BSMV RNAs. RNAs were extracted from infected
protoplasts 20 hr after inoculation. Lane 1, RNAs resulting from inoculation with the three capped transcripts; lane 2, RNAs from inoculum containing
capped RNAs a and g and uncapped RNAb; lane 3, RNAs derived from capped RNAb and RNAg and uncapped RNAa; lane 4, extracts from
capped RNAa and RNAb and uncapped RNAg inoculations; lane 5, results of inoculation with the three uncapped transcripts. Note: Lanes 3, 4,
and 5 were exposed 20 times longer than lanes 1 and 2 to enable visualization of the products.
of two capped and one uncapped BSMV transcripts. Dif- (Fig. 2B). Except for aDX/B, the deletions caused frame
ferent results were observed depending on which RNA shifts that would have destroyed the adjacent C-terminal
lacked the cap structure. The presence of uncapped portion of the aa protein. These results suggest that the
RNAb in the inoculum did not affect replication of RNAs deletions disrupt important cis-acting components that
a and g, but accumulation of RNAb was reduced by at are essential for replication of RNAa in trans. Therefore,
least 10-fold over the wild-type RNAb (Fig. 1C, lanes 1 in order to minimize the possibility that the deletions
and 2). In contrast, either uncapped RNAa or uncapped affected secondary structural interactions that might
RNAg reduced the accumulation of all of the BSMV RNAs have contributed to replication or stability of RNAa, two
by more than 20-fold (Fig. 1C, lanes 3 and 4). Further- specific bases were changed by site-directed mutagene-
more, when all three uncapped transcripts were inocu- sis. This generated a mutant (Ma) in which the first AUG
lated into protoplasts, accumulation of the progeny RNAs codon and the NheI site within the aa ORF were elimi-
was at the limit of detection (Fig. 1C, lane 5). These nated. This mutant potentially could have yielded a trun-
results thus provide evidence that the cap structure is cated aa protein lacking the first 16 amino acids due to
an important requirement for replication of each of the ribosome initiation at the second AUG codon which is
BSMV RNAs. located 48 bp downstream of the first AUG. An in vitro
experiment using wheat germ extracts revealed that a
Expression of the aa ORF is required for replication truncated product corresponding in size to this protein
of RNAa in trans could be detected following translation of the Ma RNA
(data not shown). However, the Ma mutant was defective,RNAa, the largest BSMV genomic RNA, contains a
since it failed to support replication when Ma RNA andsingle large ORF that encodes aa, one of the essential
wild-type RNAg were coinoculated into protoplasts (datacomponents required for replication (Fig. 2). In order to
not shown).distinguish between deletion mutants of RNAa and the
To determine whether replication of Ma RNA couldwild-type RNAa in RNA blots, a series of internal dele-
be rescued in the presence of the wild-type aa and gations larger than 400 nt were constructed (Fig. 2A). The
replicative components, wild-type a and g RNAs andability of these deletion mutants to be replicated in trans
Ma RNA were coinoculated into protoplasts. RNAs werewas assayed in barley protoplasts coinoculated with
extracted from the transfected protoplasts 20 hr postinoc-wild-type RNAa and RNAg. The progeny BSMV RNAs
ulation, and cDNAs of both the wild-type RNAa and theextracted from infected protoplasts were hybridized with
Ma RNA were generated using the primers a-160 anda 32P-labeled RNAa-specific cDNA probe (a10DH3*)
a-L5* (Table 1). Subsequently, the cDNAs were clonedlacking the 3* conserved region of the genomic RNAs.
directly into the EcoRV site of the pBluescript vector. TheUnexpectedly, none of the deletion mutants were detect-
able in RNA blots, and only wild-type RNAa was present cDNAs of the wild-type RNAa should contain a unique
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Identification of cis-acting elements required
for replication of RNAb
RNAb contains four major ORFs (Gustafson and Arm-
our, 1986). The 5* proximal ORF encodes the coat protein
and the 3* proximal ORFs overlap to form a ‘‘triple gene
block’’ (see Fig. 3A). We (Zhou and Jackson, 1996) have
recently shown that minor amounts of another protein
designated bd* are expressed by translational read-
through of the bd termination codon. To investigate the
cis-acting element requirements for replication of RNAb,
a series of deletions was made in the b42sp1 cDNA
clone (Fig. 3A). RNA transcripts were generated and the
replicative ability of the RNAb mutants was tested in
barley protoplasts that were coinoculated with wild-type
a and g transcripts. A 32P-labeled cDNA fragment of
RNAb that represents the entire RNAb, except for the 3*
conserved region, was used to monitor replication of the
RNAb derivatives.
As expected, RNA blot analysis revealed that deletion
of the entire 5* noncoding leader sequence of RNAb
(bD5* mutant) or the 3* noncoding terminal sequence
(bD3* mutant) abolished replication when protoplasts
were coinoculated with RNAs a and g (Fig. 3B). As pre-
dicted from previous results showing that the ba coat
protein is dispensable for systemic infection of plants
(Petty and Jackson, 1990), a mutant (bDB/Bs) with a dele-
tion involving most of the ba ORF had little effect on
accumulation of the mutant RNA in infected protoplastsFIG. 2. Effects of deletions on the replication of RNAa in trans. (A)
(Fig. 3B). Similarly, deletion of the bb ORF from the NcoISchematic map of the deletions constructed within the RNAa genome.
to the SacI sites (mutant bDN/S) or a deletion of the bcThe top of the diagram shows the genomic structure of BSMV RNAa.
The 5* noncoding region is depicted as a single line, the open reading and bd ORFs encompassing the region between the SacI
frame as a rectangle, the poly(A) region is shown by (A)n and the tRNA- and the BglII sites (mutant bDS/Bg) also failed to affect
like structure as a black box. The extent of the deleted sequence for replication. In addition, a larger fragment, including theeach mutant is represented by a solid line. The restriction enzyme sites
entire bb and bd ORFs and most of the bc ORF (mutantused for constructing the deletions are shown at the ends of each
bDN/Bg), could be simultaneously deleted with little ob-deleted fragment. (B) RNA blot hybridization of progeny RNAa. The
mock (M) lane was loaded with RNAs extracted from mock-inoculated vious effect on the replication of the mutant (Fig. 3B).
protoplasts. The WT lane contained RNAs extracted from protoplasts Replication of all of these mutants appears to be as
inoculated with wild-type RNAa and -g transcripts. The other lanes efficient as that of the wild-type RNAb, demonstratingcontained RNAs extracted from protoplasts inoculated with wild-type
that none of the deleted regions contain elements obli-RNAa and RNAg and individual RNAa mutants that are indicated at
gately required for replication. However, simultaneousthe top of the blot. The blots were hybridized with the 32P-labeled nick-
translated RNAa-specific probe (aDH3*). deletion of all four ORFs (bDB/Bg) dramatically reduced
the accumulation of RNAb (Fig. 3B). Although transcripts
were not detected with the b-specific probe (b42DBg3*),
the abundance of the two mutant RNAs could have beenNheI site, whereas cDNA inserts from the mutant RNAa
underestimated because the regions of bDB/Bs-N/Bgshould lack this site, so the origin of the cDNA clones
and bDB/Bg that are available for hybridization with thecould be deduced by NheI digestion. Of a total of 140
probe (b42DBg3*) are only about 207 and 90 nt long,cDNA clones screened, only 5 were resistant to digestion
respectively. Therefore, the blots were also hybridizedwith NheI (data not shown). This result suggested that
with the more general riboprobe that is complementary tothe replication level of Ma RNA in trans is less than 5%
the conserved 3*-terminal 237 nt of all the BSMV genomicof the wild-type RNAa. Thus, there appears to be a strong
RNAs, but this probe also failed to detect the two mutantcis preference for replication of the wild-type RNAa over
RNAs (data not shown).the Ma derivative, implying that a functional aa protein
In order to evaluate the importance of the intergenicis required for initiation of RNAa replication. We believe
region between the ba and the bb ORFs, several dele-that a similar phenomenon is responsible for the inability
tions were constructed within the region separating theof the RNAa deletion mutants to replicate when the aa
and ga proteins are provided in trans. two ORFs (Fig. 4A). These mutations all reduced the ac-
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sequence required for sgRNA transcription forms a por-
tion of the ba–bb intergenic region (Zhou and Jackson,
1996).
A notable feature of BSMV RNA structure is that a
poly(A) tract separates the tRNA-like structure from the
5*-proximal coding region. This tract is heterogeneous
and has a length ranging from 4 to 40 nt (Jackson et al.,
1989). It has also been found that poa semilatent virus,
another hordeivirus, lacks the internal poly(A) region
(Agranovsky et al., 1992). In order to determine the re-
quirement of the poly(A) tract for replication of RNAb,
site-directed mutagenesis was used to remove all but
one A residue of the tract from the b42sp1 clone to
generate the bD(A) mutant. When cotransfected into pro-
toplasts along with RNAs a and g, the bD(A) mutant
lacking the poly(A) tract replicated almost to the same
extent as the wild-type RNAb with 21 adenosine residues
(Fig. 4C). The identity of progeny bD(A) was examined
by sequencing the RT–PCR product amplified with the
primers BSMV3* and bO/2600 (Table 1). Sequencing
revealed that the progeny RNA had not regained the
poly(A) tract (data not shown). These results thus demon-
strate that the poly(A) tract is dispensable for RNAb repli-
cation, and they verify a previous study that used RNaseH
FIG. 3. The effects of deletions on the replication of RNAb. (A) Sche-
matic representation of the individual RNAb deletions discussed in the
text. The top of the diagram shows the genomic structure of BSMV
RNAb, using the designations described in the legend to Fig. 2A. The
sites with asterisks were generated by site-directed mutagenesis as
described under Materials and Methods. (B) Blot hybridization analysis
of progeny RNAb mutants after incubation of inoculated barley proto-
plasts for 20 hr. The mock (M) lane contained RNAs extracted from
mock-inoculated protoplasts. Lane WT was loaded with RNAs extracted
from protoplasts inoculated with the wild-type RNAa, -b, and -g tran-
scripts. The other lanes contained RNAs extracted from protoplasts
inoculated with wild-type RNAa and RNAg and individual RNAb mu-
tants that are indicated above each lane. The blots were hybridized
with the 32P-labeled nick-translated RNAb-specific probe. The positions
of the wild-type genomic RNAb and subgenomic RNAb-1 in the WT
lane are indicated on the left. The minor sgRNAb-2 is not present in
sufficient amounts to be detected in this particular experiment.
cumulation of RNAb substantially (Fig. 4B). Two mutants
with deletions spanning the entire intergenic region
(bDX/X and bDBs/N) and two mutants with deletions
within a portion of the intergenic region (bDBs/M and
bDM/N) were each reduced to 15% or less of the levels
of accumulation of the wild-type RNAb, as assessed by FIG. 4. Analysis of mutations within the ba–bb intergenic region.
phosphorimager analyses. Similar results were also ob- (A) Schematic representation of the intergenic deletion mutations. (B)
Northern blot analysis of progeny RNAb mutants containing deletionstained from bDB/N, which differs from bDX/X by only a
within the ba–bb intergenic region that were constructed as describedfew nucleotides (data not shown). These results indicate
under Materials and Methods and in the legend to Fig. 3. (C) Effectsthat the ba –bb intergenic region has an important role
of deletions of the poly(A) tract on the replication of RNAb. The blot
in replication. In addition, mutants that lacked the entire was hybridized with the b-specific probe (b42DBg3*). The sources of
intergenic region failed to produce detectable sgRNAb-1. the individual mutant RNAb transcripts in the inoculum are indicated
above each lane of B or C.This result is consistent with the finding that a promoter
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deletions to generate poly(A)-deficient RNA (Tyulkkina et RNAg was observed with two additional mutants (gDE/
E-K/H and gDE/H). When protoplasts were inoculatedal., 1987).
with equal amounts of RNAa, RNAg, and either of the
latter two mutant transcripts, both mutant RNAs repli-cis-element requirements for replication of RNAg
cated to high levels, but the accumulation of the wild-
type RNAa and RNAg was reduced to very low levelsRNAg is a bicistronic RNA with ORFs separated by
a 41-nt intergenic region (Fig. 5A). In order to define (Fig. 5B). In order to test the ability of these two mutants
to ameliorate BSMV-induced symptoms, barley plantssequences with cis-acting effects on RNAg replication,
transcripts from the series of deletion mutants shown in were coinoculated with transcripts of the mutants and
wild-type BSMV (ND 18 strain) RNAs. In these cases, theFig. 5A were tested for their ability to be replicated in
protoplasts coinoculated with wild-type a and g tran- symptom phenotype appeared to be normal, and the two
RNAg mutants were not detectable by blot analysis ofscripts.
The results revealed that deletions within the first 507 RNA from systemically infected leaves (data not shown).
The results in Fig. 5B revealed that a region within thent of the ga ORF abolished replicative ability of RNAg in
trans. RNAg mutants such as gDS/N, gDN/A, gDS/A, first 507 nt of the ga ORF is important for replication of
RNAg, suggesting that the region contains essential cis-and gDN/E (Fig. 5A) with entire or partial deletions within
this region failed to accumulate to detectable levels (Fig. acting elements needed for replication of RNAg. How-
ever, all of the mutations within this region produced5B). In contrast, the central coding region of ga was
dispensable for replication of RNAg in trans. The mutant frameshifts that would have affected the C-terminus of
ga. Therefore, an alternative is that translation of thisgDE/E, which contains a deletion of 1303 nt within the
central region, replicated very efficiently in barley proto- portion of the ga ORF is a prerequisite for replication of
RNAg. To address this possibility, site-directed mutagen-plasts. The mutant gDC/H with a deletion spanning 300
nt at the 3* end of ga and the intergenic region between esis was carried out to eliminate the first two AUG co-
dons of the truncated ga ORF of gDE/E to generate aga and gb also replicated efficiently when coinoculated
with the wild-type RNAs a and g. These results indicated mutant designated MgDE/E. An in vitro translation ex-
periment confirmed that the MgDE/E mutant was unablenot only that the 3* sequence of the ga ORF is dispens-
able for the replication of RNAg, but also that the in- to synthesize the truncated ga protein (data not shown).
The parental gDE/E mutant, which contains the 5* regiontergenic region separating the ga and gb ORFs can be
deleted without serious consequences to replication. Our of the ga ORF, was able to be replicated and is small
enough to be separated from wt RNAg (Fig. 5B). There-results thus demonstrate that although both RNAa and
RNAg encode viral replicase components, RNAg differs fore, the effect of eliminating translation of the 5* end of
the ga ORF of gDE/E on replication could be determinedfrom RNAa because mutations causing substantial dele-
tions of the ga protein can be replicated in trans by the by RNA blot analysis. As shown in Fig. 6, the MgDE/E
mutant replicated as efficiently as gDE/E, indicating thatreplicase encoded by wild-type RNAa and RNAg.
Accumulation of the mutant gDK/H, in which most of translation of the 5* end of the ga ORF is not required
for replication of RNAg. Similar results have also beenthe gb ORF was deleted, was slightly greater than that
of wild-type RNAg in the presence of the wild-type RNAa obtained with the synthetic DI RNAs of BMV (Marsh et
al., 1991b), in contrast to the DI RNAs of clover yellowand RNAg (Fig. 5B). This result suggested that the gb
ORF does not contain cis-acting sequences required for mosaic virus which require translation of an ORF for repli-
cation (White et al., 1992).the replication of RNAg. However, the deletion had an
additional effect because it reduced the accumulation of
RNAa and RNAb substantially when the mutant gb RNA DISCUSSION
was coinoculated with RNAa and -b into protoplasts (Fig.
RNAs a, b, and g vary in their internal cis-element
5C). This result reinforces our previous observations from
requirements for replication
BSMV-infected plants (Petty et al., 1990) that the gb pro-
tein has a trans-acting function that affects the replication In this study, we have investigated the cis-acting se-
quences required for replication of each of the threeand accumulation of BSMV RNAs. Sequences closer to
the 3* end, however, are essential for replication because BSMV genomic RNAs. Our results suggest that the repli-
cation of RNAa differs from RNAb and RNAg in that it isthe deletions (gDK/Nd and gDE/Nd) extending to the
NdeI site, located 42 nucleotides to the 3* side of the cis-preferential. In addition to elements located at the 5*
and 3* termini of BSMV genomic RNAs, internal se-poly(A) sequence, abolished replication of the mutant
RNAs in trans (Fig. 5B). quences affecting replication and accumulation of the
BSMV genomic RNAs are present. Although the fourAlthough most of the RNAg deletion mutants did not
appear to interfere with the replication of wild-type RNAs ORFs of RNAb are individually dispensable for replica-
tion, the intergenic region separating the ba and bba and g, the mutant gDE/E caused a moderate reduction
in the accumulation of the wild-type RNAs. Even greater ORFs has a cis-acting function. In contrast, the first 507
nt of the ga ORF contains essential cis-acting elements,interference with the replication of wild-type RNAa and
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FIG. 5. Effects of deletions on the replication of RNAg. (A) Schematic map of deletions within the RNAg genome. The top of the diagram shows
the genomic structure of RNAg. (B) RNA blot analysis of progeny RNAg from inoculated barley protoplasts. Mutant RNAg transcripts used in the
inoculum are indicated above individual lanes. Genomic RNAa, genomic RNAg, and subgenomic RNAg are indicated along the right. (C) Effects
of deletion of the gb ORF on replication of BSMV RNAs. The left lane contains RNA isolated 20 hr after inoculation of protoplasts with the three
wild-type RNA transcripts. The right lane shows RNA from protoplasts inoculated with RNAa, RNAb, and the mutant gDK/H containing a deletion
within the gb ORF. The genomic and subgenomic RNAs are indicated along the sides, but sgb-2 was below the limit of detection. Both B and C
blots were hybridized with the 32P-labeled transcript that is complementary to the 3*-terminal sequences of the plus-strand BSMV RNAs.
but the intergenic region separating the ga and gb ORFs CMV (Duggal et al., 1994). Mutagenesis has revealed
that these ICR-like motifs play important roles in the repli-is not required for replication. These results demonstrate
that the individual BSMV genomic RNAs vary in their cation of BMV RNAs (Pogue et al., 1992, 1990). However,
obvious ICR-like motifs are not present in the leadersoverall internal cis-acting requirements, but the required
sequences appear to lack easily recognized common of BSMV genomic RNAs except for a conserved motif
(AACAAC) located at different positions within each ofmotif elements.
Our results with RNAb also substantiate those of nu- the BSMV RNA leaders (Gustafson et al., 1989). The sig-
nificance, if any, of this sequence is presently unknown.merous other studies showing that the 5* and 3* termini
of viral RNAs are essential for the replication of viral
RNAs. The cis-acting requirements of the 5* termini have cis-preferential replication provides a mechanism
been analyzed in BMV RNA (French and Ahlquist, 1987), for selection of viable RNAa
cowpea chlorotic mottle virus (CCMV) RNA (Pacha et al.,
1990), tobacco mosaic virus RNA (Takamatsu et al., The results of our deletion analyses also revealed that
the replicase components can function in trans to sup-1991), beet necrotic yellow vein virus RNA (Gilmer et
al., 1993, 1992), and cucumber mosaic virus (CMV) RNA port replication of some replication-defective RNAb and
-g mutants. However, none of the RNAa deletion mutants(Boccard and Baulcombe, 1993). An ICR-like sequence
that resembles the ICR motif of tRNA gene promoters were able to replicate effectively when the viral replicase
components were provided by wild-type RNAs a and g.has been found in the leaders of BMV RNA and other
related tricornaviruses, such as alfalfa mosaic virus and Even the mutant Ma, which contains only a 2-nucleotide
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Dreher, 1993). The failure to support replication of mu-
tants that inactivate the replicase of cowpea mosaic virus
has also been reported (Van Bokhoven et al., 1993).
Translation of an internal region of poliovirus RNA ge-
nome is required for its replication (Novak and Kirke-
gaard, 1994). These results suggest that, at least for
some viruses, a cis-acting mechanism exists whereby
replication of a genomic RNA requires translation of a
functional replicase from that molecule. This requirement
provides a stringent mechanism whereby molecules aris-
ing from replicase-mediated errors may be selectively
eliminated, and it may also provide a cis-acting control to
FIG. 6. The effect of eliminating the initiation codon of the ga ORF modulate the level of replication of the RNA component.
on replication of defective gDE/E RNA. Lane 1, RNA isolated from
mock-inoculated protoplasts; lane 2, RNAs isolated from protoplasts
Each of the RNAb ORFs is dispensable for replicationinoculated with RNAs a and g; lane 3, RNAs resulting from a, g, and
gDE/E inoculations or, lane 4, RNAs a, g, and MgDE/E, respectively.
Our results indicate that none of the coding regionsThe extracted RNAs were hybridized with probes complementary to
the 3*-terminal region of the genomic RNAs. The positions of the geno- in RNAb contain cis-acting elements that are absolutely
mic RNAs, the DI RNAs, and the subgenomic RNAg are indicated along required for replication. In addition, the results verified
the side. that the inability of some RNAb mutants (Petty and Jack-
son, 1990) to infect plants is due to factors other than
defective replication, and they clearly rule out the possi-difference from the wild-type RNAa, was ineffectively
complemented by the wild-type aa and ga proteins. bility that the coat protein gene contains essential cis-
acting element requirements for the replication of RNAbTranslation experiments in vitro indicate that Ma should
produce an aa protein lacking the first 16 amino acids, as suggested by Joshi et al. (1990). However, despite
the dispensability of each coding region, simultaneousbut this protein appears to be unable to mediate essen-
tial replicase activities in vivo. Since the point mutations deletion of all four ORFs drastically reduced RNAb accu-
mulation. Our explanation for this phenomenon is thatshould not have caused significant disruption of the sec-
ondary structure of RNAa, cotranslation of a functional a minimum spacer length between the 5* and the 3*
untranslated regions is required for normal RNAb accu-aa protein appears to be required for replication. One
plausible model to explain our finding that replication of mulation. A similar effect has been observed during dele-
tion mutagenesis of the two coding regions of BMV RNA3RNAa and translation of viable aa are coupled is that
after translation, the aa protein remains tightly bound to (French and Ahlquist, 1987). However, in the case of
CCMV, large deletions within RNA3 that included bothRNAa, where it then participates in recruitment of the ga
protein and requisite host factors necessary for formation ORFs had only minor effects on RNA3 accumulation (Pa-
cha et al., 1990). Thus, these tripartite RNA viruses clearlyof a functional replicase complex. The model further im-
plies that replication of RNAa is an obligate requirement vary in their minimum requirements for efficient replica-
tion.for release of the replicase complex from the RNA and
that release of such complexes is essential for subse- We also have provided evidence that the intergenic
region separating the ba and bb ORFs is required forquent replication of RNAb and RNAg in trans. This se-
quence of events should have several advantages, one normal accumulation of RNAb. These results are similar
to those of French and Ahlquist (1987, 1988), who firstof the most important being that it provides a stringent
mechanism for elimination of defective RNAa from the indicated that the intergenic region of BMV RNA3 is essen-
tial for replication. In BMV, the intergenic region containsreplicating population. The strategy would also select
against ‘‘dominant negative’’ effects by interfering with an ICR-like motif that is also present in the untranslated
leader sequences of the plus- and minus-strand BMV RNAliberation of replicase complexes containing nonfunc-
tional ga molecules, because release of replicase for sequences (Pogue et al., 1992). Similarly, the intergenic
region of RNA3 of CMV is also required for replicationsubsequent trans activities would depend on completion
of RNAa replication. (Boccard and Baulcombe, 1993). However, deletion of the
intergenic region of RNA3 of CCMV, another bromovirus,A requirement for translation of a functional replicase
component prior to replication of the RNA encoding the had no effect on the replication of RNA3 (Pacha et al.,
1990). In contrast to the case with BMV, no obvious relat-component has been reported for several plus-strand
RNA viruses, and some parallels may be drawn between edness was found between the intergenic region of RNAb
and the leader sequences of the BSMV RNAs. Therefore,these viruses and the replication of RNAa. For example,
replication of turnip yellow mosaic virus mutants con- the ba–bb intergenic region appears to contain internal
motif requirements for replication that differ from thosetaining mutations within the polymerase gene is poorly
supported in trans by the helper virus (Weiland and functioning in the bromoviruses.
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Mutations within the RNAg ORFs have varied effects two DI-like RNAs compete for available replicase so effi-
ciently that they interfere with replication of the wild-typeon RNA accumulation
RNAs ga and g. Since most RNAg mutants are unable
A cis-acting element required for replication of RNAg to interfere with the replication of the wild-type viral
appears to occupy a substantial portion of the 5* end of RNAs, some particular structural arrangement of the mo-
the ga ORF, since deletions within the first 507 nt of ga tifs within the DI RNAs may be essential for interference.
abrogated RNAg accumulation in the presence of wild- Alternatively, some undefined alteration of highly ordered
type RNAs a and g. This element appears to have a structure may enable the DI mutants to bind replicase
requirement for RNA structure rather than translation of molecules more effectively.
a portion of the ORF because a mutant (MgDE/E) that
lacked the ga initiation codon was still able to accumu-
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